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INTRODUCTION 

Since S a b a t i e r ' s  f i r s t  exper iments  on  he terogeneous ly  ca t a lyzed  
methanol decomposi t ion  ( l ) ,  many s t u d i e s  have been devoted t o  t h e  
mechanism o f  both  t h e  decomposition and t h e  s y n t h e s i s  of methanol,  
and s u r f a c e  i n t e r m e d i a t e s  such as formyl ( 2 , 3 ) ,  formate ( 4 - 6 ) ,  and 
methoxide (4 ,5 )  have  been i d e n t i f i e d  by I R  spec t roscopy and chemical 
t r a p p i n g  t echn iques .  In  a p rev ious ly  r e p o r t e d  ( 7 )  s tudy  from our 
l a b o r a t o r y ,  it w a s  found t h a t  t h e  methanol s y n t h e s i s  ra te  over  Cu/ZnO 
c a t a l y s t  is g r e a t l y  enhanced by small a d d i t i o n s  of water  t o  t h e  syn- 
t h e s i s  gas  wh i l e  l a r g e  a d d i t i o n s  of water r e s u l t e d  i n  a dec rease  i n  
s y n t h e s i s  r a t e .  Comparison of t h e  water  e f f e c t  w i th  t h a t  o f  C02 on 
t h e  s y n t h e s i s  r a t e  ( 8 )  showed t h a t  water behaved a s  a more e f f e c t i v e  
promoter a t  l o w  c o n c e n t r a t i o n s  and a more seve re  r e t a r d a n t  a t  h ighe r  
c o n c e n t r a t i o n s  t h a n  d i d  equimolar  carbon d i o x i d e  a t  t h e  same expe r i -  
menta l  c o n d i t i o n s .  F u r t h e r ,  i n j e c t i o n  o a 65/35 mole % mixture  
H2180/H2160 t o  s y n t h e s i s  g a s  r e s u l t e d  i n  "0 i n c o r p o r a t i o n ,  t h e  % '$0 
i n  CH30H, CO and C 0 2  i n  t h e  e x i t  stream being  3.41, 0.60 and 3.56, 
r e s p e c t i v e l y .  These r e s u l t s  i n d i c a t e d  t h a t  H20 a n d f o r  C 0 2  p a r t i c i p a t e  
i n  methanol s y n t h e s i s  as r e a c t a n t s .  D 0 a d d i t i o n  t o  t h e  s y n t h e s i s  gas  
w a s  employed t o  f u r t h e r  de te rmine  t h e  z i n e t i c  and mechan i s t i c  r o l e  of  
water, and it was observed  t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  synthe- 
s i z e d  methanol occur red  a s  CH DOH. N o  CHDZOH o r  CD30H w a s  d e t e c t e d ,  
and t h e s e  r e s u l t s  i n d i c a t e d  t i a t  water w a s  involved  i n  t h e  formation 
of  an i n t e r m e d i a t e  wi th  one s i n g l e  hydrogen atom. Th i s  obse rva t ion  
w a s  fu r the r l ;up to r t ed  by t h e  promotion of i s o t o p i c  scrambling between 
l 2 C l 8 O  and C 0 by wa te r  p readso rp t ion  on  t h e  c a t a l y s t s .  

r e a c t i v e  i n t e r m e d i a t e s  involved  i n  methanol s y n t h e s i s .  When d i e t h y l -  
amine w a s  c o n t i n u o u s l y  i n j e c t e d  a long  wi th  t h e  s y n t h e s i s  gas ,  methyl- 
a t e d  t e r t i a r y  amine w a s  s e l e c t i v e l y  ob ta ined  by t h e  r e a c t i o n :  

Chemical t r a p p i n g  exper iments  w e r e  a l s o  used (7 )  i n  i d e n t i f y i n g  

(C2H5) NH + C0 + 2H2-(C H NCH3 + H20 . 
2 2 5 2  

A t  215OC, H2:CO=70:30, 75 atm and a molar feed  r a t e  o f  d i e t h y l a m i n e =  
14 .5  mo112.45 g c a t l h r ,  t h e  y i e l d  of methyld ie thylamine  w a s  1 1 . 2  mmol/ 
2.45 g c a t / h r  and 97% of t h e  water  formed dur ing  methyla t ion  of  d i -  
ethylamine was conve r t ed  t o  carbon d i o x i d e  by t h e  water g a s  s h i f t  
r e a c t i o n .  Amine a d d i t i o n ,  however, was n o t  found to  a f f e c t  t h e  water 
g a s  s h i f t  r e a c t i o n .  The i n t e r m e d i a t e  t rapped  by amine behaved chemi- 
c a l l y  a s  formyl ,  formaldehyde o r  hydroxycarbene. The ev idence  f o r  an 
a ldehyd ic  i n t e r m e d i a t e  w a s  f u r t h e r  co r robora t ed  by u t i l i z i n g  it f o r  
a l d o l  a d d i t i o n  w i t h  propanaldehyde fo l lowed by hydrogenat ion  t o  g ive  
2-methyl-1-propanol. Although bo th  t h e  above t r app ing  r e a c t i o n s  al- 
lowed a f a i r l y  complete mechanism t o  be  formula ted ,  it was s t i l l  
deemed necessa ry  t o  a d d r e s s  some a l t e r n a t i v e  t r a p p i n g  and s i d e  reac-  
t i o n s ,  p a r t i c u l a r l y  those  of amines wi th  s u r f a c e  formates .  
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It is known that ( 9 )  amines react with carboxylic acids to give 
acid amides, which couldbe hydrogenated to the corresponding amines 
(10). In order to determine whether the added diethylamine reacted 
more rapidly with surface formyl or formate, the hydrogenation Of N,N- 
diethylformamide, a suspected intermediate of the reaction of surface 
formate with diethylamine, was studied. It is reported herein that 
non-dissociative hydrogenation of N,N-diethylformamide occurs at a 
lower rate than the addition of synthesis gas to diethylamine 11, 
indicating that the amine trapped the aldehydic and not the formate 
intermediate under the synthesis conditions. 

EXPERIMENTAL 

The Cu/ZnO=30/70 mol% catalysts were coprecipitated from ni- 
trate solution by Na CO calcined, pelletized, and reduced with 2% 
hydrogen in nitrogen: a%ording to a procedure previously described 
in detail (11,12). A schematic of the catalytic reactor system has 
been presented (ll), but a high pressure unit for pumping liquids in- 
to the synthesis gas stream at the reactor pressure of 75 atm has 
been added at the top of the reactor preheater section. The exit 
gas was reduced to atmospheric pressure and was sampled by an on-line 
Hewlett-Packard 5730A GC, coupled with a Model 3388A integrator/ 
controller. 

RESULTS AND DISCUSSION 

The results of N,N-diethylformamide hydrogenation at 215OC and 
15 atm are given in Table I. When the flow rate of N,N-diethylform- 
amide was 10.8 mm01/2.45 g cat/hr, 62% of it was converted to diethyl- 
methylamine and the remaining 38% was distributed among other products. 
When the flow rate of N,N-diethylformamide and hydrogen was doubled 
and tripled at 215°C and 75 atm, the yields of diethylamine and metha- 
nol increased while the yield of all other products decreased (Table 
I). 

As indicated in Table I, the N,N-diethylformamide was completely 
converted to diethylmethylamine (Eqn. 2), methanol (Eqn. 3), diethyl- 
amine (Eqn. 3), methylethylamine (Eqn. 4), triethylamine (Eqn. 4), and 
ethanol (Eqn. 5). 

n - 
II 

(C H ) N - C - H  + ~Hz-(C~H~)~NCH~ + H20 2 5 2  

2 5 2  

2) 

3) 
f: 

(C H ) N - C - H + 2H2-c(C2H5)2NH + CH30H 

(C~HS)~NCH~ + (C2H5)2NH-C2H5NHCH3 + (CZH~)~N 4) 

The reactions given by Eqn. 4) and 5) were formulated by CH3, C 2 ~ 5  
and n20 balancing. Hence, a part of diethylmethylamine and 
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diethylamine produced by reactions 2) and 3 )  was consumed by reactions 
4) and 5) to produce ethylmethylamine, triethylamine and ethanol. 
In Figure 1, the amount of diethylmethylamine produced by reaction 2), 
diethylamine produced by reaction 3 ) ,  methanol and water are plotted 
as a function of the reciprocal flow rate of hydrogen (flow rate N,N- 
diethylformamide = 0.025 x flow rate hydrogen). When these curves 
are extrapolated to infinite flow rate of hydrogen, the amounts of 
diethylmethylamine, diethylamine, methanol and water were 20%, 30%, 
30% and 20%, respectively. This flow rate dependence study shows that 
there are two kinds of reactions occurring on the catalyst surface 
during the hydrogenation of N,N-diethylformamide: one giving rise to 
diethylmethylamine, and the other giving rise to diethylamine and 
methanol. Diethylmethylamine could be synthesized via two routes: 
one as in Eqn. 2) and the other by the condensation of diethylamine 
and methanol, produced by Eqn. 3 ) .  The results in Figure 1 indicate 
that the maximum amount of diethylmethylamine formed by direct hydro- 
genation (Eqn. 2)) was 40%. 

In the following paragraphs the results of the hydrogenation of 
N,N-diethylformamide will be compared to the results of the methyla- 
tion of diethylamine by synthesis gas (discussed in the Introduction 
section). This comparison is done to determine whether N,N-diethyl- 
formamide is an intermediate in methyldiethylamine synthesis from 
synthesis gas and diethylamine. Over Cu/ZnO catalyst, 14.5 mol/ 
2.45 g cat/hr of diethylamine reacted with synthesis gas to produce 
11.2 mmo1/2.45 g cat/hr of methyldiethylamine. When 10.8 mm01/2.45 g 
cat/hr of N,N-diethylformamide, approximately equal to the methyldi- 
ethylamine produced, was hydrogenated under conditions similar to 
methyldiethylamine synthesis, the conversion to methyldiethylamine 
was 62%. A comparison of these two experiments indicated that the 
rate of hydrogenation of N,N-diethylformamide to methyldiethylamine 
was lower than the rate of production of methyldiethylamine from syn- ' 

thesis gas and diethylamine. Hence, the synthesis gas and diethyl- 
amine reaction does not proceed exclusively via a N,N-diethylforma- 
mide intermediate. However, the participation of this intermediate 
to a lesser extent cannot be ruled out. The following path is sug- 
gested for the synthesis of methyldiethylamine from synthesis gas 
and diethylamine, which proceeds via a N,N-diethylformamide inter- 
mediate. 

H~O+OH- + n+ 6) 

CQ + OH-+HCOO- 7 )  

(C2H5)2NH + H' + HCOQ-+ (C2H5)2iH2HCOO- 
0 + II 

(C2H5)2NH2HCOO---c(C2Hg)2NCH + H20 

Iz 
(C2Hg)2NCH + 2H2 -(C~HS)~NCH~ + H2Q 

According to this scheme, the surface formate produced by the 
interaction of CO and surface hydroxyls will react with diethylamine 
(Eqn 8 ) )  to form an amine salt (9). 
will be converted to N,N-diethylformamide ( 9 ) ,  and upon hydrogenation 
methyldiethylamine and water are produced (10). 

Upon heating, the amine salt 

The flow rate 
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dependence study established that there are two basic pathways for 
the hydrogenation of N,N-diethylformamide. One gives rise to metha- 
nol and diethylamine (Eqn. 3 ) )  and the other gives rise to the direct 

time, the contribution of the latter path is 40%. At other conditions, 
e.g. when 10.8 mmo1/2.45 g cat/hr of N,N-diethylformamide was hydro- 
genated with 10.5 L(STP)/2.45 g cat/hr of hydrogen (Table I ( A ) ) ,  only 
50% of the methyldiethylamine would be produced by reaction 2). The 

amine and methanol would undergo condensation probably via a formalde- 
hyde intermediate. 

If all the diethylamine injected (14.5 mmo1/2.45 g cat/hr) during 
the methylation of diethylamine with synthesis gas was converted to 
N,N-diethylformamide intermediate, only 5.8 mm01/2.45 g cat/hr of 
methyldiethylamine would be produced by the direct hydrogenation path 
(Eqn. 2)). The remainder would be converted back to the reactants, 
diethylamine and methanol. During the methylation of diethylamine 
with synthesis gas, 11.2 mmo112.45 g cat/hr of methyldiethylamine was 
produced. Hence, the rate of hydrogenation of N,N-diethylformamide 
does not account for the rate of the overall synthesis of methyldi- 
ethylamine by synthesis gas and diethylamine. The flow rate depen- 
dence study showed that at most, 50% of the methyldiethylamine would 
arise by the reaction of diethylamine with surface formate, followed 
by the reaction sequence given by Eqns. 9),lO). The evidence against 
such a participation can be summarized in the following manner. It 
has been shown before that surface formate was a common intermediate 
for both methanol synthesis and the water gas shift (WGS) reaction 
(7). If surface formate underwent amination, one would expect the 
rate of the WGS reaction to be lowered as compared with the WGS re- 
action rates in the absence of amine but with an equivalent mount of 
water. Vedage et al. (7) showed that the WGS reaction rates were un- 
affected by the methylation of diet!iylamine with synthesis gas. There- 
fore, the C intermediate undergoing amination is not formate or a 
precursor 04 formate but an intermediate formed subsequent to the sur- 
face formate in methanol synthesis. This intermediate can be deduced 
as an aldehydic type intermediate by the process of elimination. This 
intermediate which can take the form formyl, formaldehyde or hydroxy- 
carbene is therefore a kinetically significant intermediate in metha- 
nol synthesis. 

hydrogenation product, methyldiethylamine (Eqn. 2)). At zero contact I 

remaining 50% was produced by the secondary reaction in which diethyl- I 
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